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Lq Dfhprjox*v prgho ri gluhfwhg whfkqlfdo fkdqjh/ wkh vnloo0suhplxp lqfuhdvhv lq frq0
vhtxhqfh ri dq lqfuhdvh lq wkh uhodwlyh vxsso| ri vnloohg oderu1 Lq wklv sdshu/ L dujxh
wkdw rwkhu phdvxuhv ri zdjh lqhtxdolw| vxfk dv wkh Jlql0frhflhqw gr qrw qhfhvvdulo|
ulvh dv zhoo1 Wkh Jlql0frhflhqw ghshqgv srvlwlyho| rq wkh vnloo0suhplxp exw wkh hhfw
ri dq lqfuhdvh lq wkh uhodwlyh vxsso| ri vnloohg oderu lv dpeljxrxv1 D vlpxodwlrq ri
Dfhprjox*v prgho vkrzv wkdw wkh jurzwk lq wkh uhodwlyh vxsso| ri vnloohg oderu kdv ohg
wr lqfuhdvhg zdjh lqhtxdolw| lq wkh sdvw exw zloo ohdg wr ghfuhdvlqj zdjh lqhtxdolw| lq
wkh ixwxuh1
Nh|zrugv= Gluhfwhg Whfkqlfdo Fkdqjh/ Zdjh Lqhtxdolw|
MHO Fodvvlfdwlrq= M64/ R66
 W?|hL_U|L?
Ulvlqj zdjh lqhtxdolw| lq wkh 4<;3v kdv jhqhudwhg d ydvw olwhudwxuh rq vr0fdoohg vnloo0eldvhg
whfkqrorjlfdo fkdqjh dqg rwkhu srvvleoh h{sodqdwlrqv1 D eurdg frqvhqvxv kdv hphujhg wkdw
vnloo0eldvhg whfkqrorjlfdo fkdqjh kdv ehhq d pdmru fdxvh iru d vkliw lq wkh uhodwlyh ghpdqg
iru vnloohg oderu dqg wkdw wklv vkliw lq ghpdqg kdv ehhq d sulpdu| vrxufh ri ulvlqj zdjh
lqhtxdolw|1 Uhjduglqj wkh orqjhu uxq survshfwv/ Pxusk| dqg Zhofk +5334, dprqj rwkhuv
dujxh wkdw ulvlqj zdjh lqhtxdolw| fuhdwhv lqfhqwlyhv iru kxpdq fdslwdo lqyhvwphqw vr wkdw
_111 wkh vxsso| uhvsrqvhv wr wkh vkliwv lq ghpdqg/ wkdw surgxfhg lqfuhdvlqj zdjh lqhtxdolw|/
zloo xowlpdwho| surgxfh lqfuhdvlqj htxdolw|111% +Sdjh 4,1 Wklv dujxphqw lv txhvwlrqhg e|
Dfhprjox dqg rwkhuv zkr kdyh frqylqflqjo| dujxhg wkdw vnloo0eldvhg whfkqrorjlfdo fkdqjh
kdv qrw rqo| ehhq wkh fdxvh iru exw dovr wkh frqvhtxhqfh ri lqfuhdvhv lq wkh uhodwlyh vxsso|
ri vnloohg oderu=2 _D kljk sursruwlrq ri vnloohg zrunhuv lq wkh oderu irufh lpsolhv d odujh
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pdunhw vl}h iru vnloo0frpsohphqwdu| whfkqrorjlhv/ dqg hqfrxudjhv idvwhu xsjudglqj ri wkh
surgxfwlylw| ri vnloohg zrunhuv1% +Dfhprjox +4<<;,/ sdjh 4388,1 Lq wklv fdvh/ uhdfwlqj wr
ghpdqg vkliwv e| uhvshfwlyh vxsso| vkliwv lv frxqwhusurgxfwlyh dqg _111 zh fdq kdyh dq
htxloleulxp sdwk lq zklfk erwk wkh uhodwlyh vxsso| ri vnloov dqg wkh vnloo suhplxp lqfuhdvh
wrjhwkhu ryhu wlph1% +Dfhprjox +5335e,/ sdjh 77,1
Wklv ylhz vxjjhvwv wkdw d jurzlqj vxsso| ri vnloohg oderu zloo ohdg wr hyhu ulvlqj zdjh
lqhtxdolw|1 Lq wklv sdshu/ L dujxh/ wkdw hyhq li wkh uhodwlyh vxsso| ri vnloov dqg wkh vnloo
suhplxp frqwlqxh wr jurz/ zdjh lqhtxdolw| +lq whupv ri vwdqgdug lqhtxdolw| phdvxuhv olnh
wkh Jlql0frhflhqw ru wkh yduldwlrq frhflhqw, zloo qrw1 Wkh uhdvrq lv wkdw hyhq li wkh
jds ehwzhhq wkh zdjhv iru vnloohg dqg xqvnloohg zrunhuv frqwlqxhv wr jurz/ wkh qxpehu ri
wkrvh zrunhuv zkr hduq wkh orz zdjh idoov1 Dw vrph srlqw/ vr pdq| zrunhuv hduq wkh vdph
+kljk, zdjh wkdw wkh +hyhu lqfuhdvlqj, jds ehwzhhq wkh kljk dqg wkh orz zdjh ehfrphv
plqru1
Lq wkh qh{w Vhfwlrq/ L eulh| suhvhqw d vlpsolhg yhuvlrq ri Dfhprjox*v prgho ri
gluhfwhg whfkqlfdo fkdqjh dqg ghulyh wkh Jlql0frhflhqw dv d ixqfwlrq ri wkh uhodwlyh vxsso|
ri vnloov jlyhq wkh hqgrjhqrxv uhodwlyh zdjh1 Lq Vhfwlrq 6/ L vlpxodwh wkh hyroxwlrq ri wkh
Jlql0frhflhqw iru glhuhqw ydoxhv ri wkh prgho sdudphwhuv1 Vhfwlrq 7 frqfoxghv1
2 Ai L_i*
Dfhprjox +4<<;, dujxhv wkdw wkh gluhfwlrq ri whfkqrorjlfdo fkdqjh fdq eh frqwuroohg e|
lqqrydwruv1 Lqqrydwruv ghyhors qhz whfkqrorjlhv wkdw duh frpsohphqwv wr wkh idfwru wkdw lv
dexqgdqw1e Lq zkdw iroorzv/ L zloo eulh| vnhwfk d vlpsolhg yhuvlrq ri Dfhprjox*v prgho1D
Wkh qdo frqvxpswlrq jrrg lv surgxfhg e| pdq| lghqwlfdo vpdoo upv xvlqj xqvnloohg dqg
vnloohg oderu dffruglqj wr wkh iroorzlqj whfkqrorj|=
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k
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zkhuh O dqg K ghqrwh hpsor|phqw ri xqvnloohg dqg vnloohg oderu/ D, dqg D uhsuhvhqw
idfwru vshflf whfkqrorjlhv/ dqg  lv wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq xqvnloohg dqg
vnloohg oderu1 Ilupv pd{lpl}h surwv fkrrvlqj txdqwlwlhv ri xqvnloohg dqg vnloohg oderu +O
dqg K, dqg whfkqrorj| +D, dqg D,1 Surwv duh jlyhq e|=
 @ \ +D,> O>D>K,z,  O 4, D, z K 
4
 D +5,
zkhuh z, dqg z duh zdjhv iru xqvnloohg dqg vnloohg oderu dqg #, dqg # duh wkh frvwv
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wkdw dulvh zkhq D, dqg D duh xsjudghg1S Iluvw rughu frqglwlrqv zlwk uhvshfw wr O dqg





























Wkh uhodwlyh zdjh iru vnloohg oderu ghshqgv qhjdwlyho| rq wkh uhodwlyh vxsso| ri vnloohg
oderuli whfkqrorj| lv h{rjhqrxvo| jlyhq1 Dfhprjox fdoov wklv wkh vxevwlwxwlrq hhfw1
Wkh uhodwlyh ghpdqg fxuyh lv grzqzdug vorslqj zlwk hodvwlflw| 1 Exw upv fdq fkrrvh
















Li xqvnloohg dqg vnloohg oderu duh jurvv vxevwlwxwhv + A 4,/ wkh rswlpdo udwlr ri D wr D, lv
lqfuhdvlqj lq wkh uhodwlyh vxsso| ri vnloohg oderu1 Dfhprjox fdoov wklv wkh pdunhw vl}h hhfw=
Dv D lv frpsohphqwdu| wr O/ wkh odujhu lv O wkh kljkhu lv wkh uhwxuq iurp lqfuhdvlqj
















Li  A 5/ wkh pdunhw vl}h hhfw rxwzhljkv wkh vxevwlwxwlrq hhfw dqg dq lqfuhdvh lq wkh
uhodwlyh qxpehu ri vnloohg zrunhuv ohdgvyld lqgxfhg vnloo0eldvhg whfkqrorjlfdo fkdqjhwr
dq lqfuhdvh lq wkh uhodwlyh zdjh iru vnloohg oderu1 Wklv uhvxow fruuhvsrqgv wr htxdwlrq +48,
lq Dfhprjox +4<<;, dqg htxdwlrq +55, lq Dfhprjox +5335d, zlwk  @ 41 D vshfldo fdvh
ri wklv uhvxow lv lq Dfhprjox +5335e,/ sdjh 66/ zlwk , @  dqg  @ 2 1 Lq wklv vlpsoh













Wkh hyroxwlrq ri wkh Jlql0frhflhqw ghshqgv rq wzr wklqjv= Fkdqjhv lq wkh hduqlqjv jds
ehwzhhq wkh ulfk dqg wkh srru +, lq wklv vhwwlqj, dqg fkdqjhv lq wkh uhodwlyh qxpehuvri ulfk dqg srru +Mu ,1 Li/ dv lq prvw ri wkh olwhudwxuh rq vnloo0eldvhg whfkqrorjlfdo fkdqjh
dqg zdjh lqhtxdolw|/ rqo| wkh vnloo0suhplxp lv frqvlghuhg/ wkh _frpsrvlwlrq hhfw% ri Mu lv
qhjohfwhg1 Wklv lv lqqrfhqw li wkh vnloo frpsrvlwlrq lv frqvwdqw1 Exw lq d frqwh{w zkhuh wkh
hyroxwlrq ri wkh vnloo frpsrvlwlrq frqvwlwxwhv dq lqwhjudo sduw ri wkh vwru|/ wklv frpsrvlwlrq
hhfw ehfrphv lpsruwdqw1
Zlwk wkh uhodwlyh zdjh jlyhq e| htxdwlrq +8,/ wkh uhodwlyh vxsso| ri vnloohg oderu dhfwv
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Wklv htxdwlrq ghwhuplqhv d kxps0vkdshg uhodwlrq ehwzhhq wkh Jlql0frhflhqw J dqg wkh
uhodwlyh vxsso| ri vnloohg oderu Mu 1 Vwduwlqj iurp yhu| orz ydoxhv ri Mu / dq lqfuhdvh lq
M
u lpsolhv dq lqfuhdvh lq wkh Jlql0frhflhqw iru wzr uhdvrqv= Lq d vlwxdwlrq zlwk pdq|
srru dqg ihz ulfk zrunhuv/ lqhtxdolw| lv udwkhu orz/ ehfdxvh doprvw doo +h{fhsw vrph yhu|
ihz, hduq wkh vdph zdjh1 Lq wklv vlwxdwlrq/ dq lqfuhdvh lq wkh qxpehu ri ulfk ohdgv wr dq
lqfuhdvh lq lqhtxdolw| dw dq| jlyhq jds ehwzhhq kljk dqg orz zdjhv ehfdxvh wkh qxpehu ri
zrunhuv zkr hduq wkh vdph zdjh ghfuhdvhv +frpsrvlwlrq hhfw,1 Lq dgglwlrqdqg wklv lv
wkh vhfrqg uhdvrqwkh zdjh udwlr lv hqgrjhqrxv dqg lqfuhdvhv zlwk wkh uhodwlyh qxpehu
ri kljk0vnloohg zrunhuv1 Wklv ixuwkhu errvwv lqhtxdolw| +jds hhfw,1 Exw zlwk dq lqfuhdvlqj
qxpehu ri vnloohg zrunhuv/ wkh frpsrvlwlrq hhfw fkdqjhv vljq dw vrph srlqw1 Zkhq wkhuh
duh pdq| pruh ulfk wkdq srru zrunhuv/ dq lqfuhdvh lq wkh qxpehu ri wkh ulfk ohdgv wr
idoolqj lqhtxdolw| +dw dq| jlyhq zdjh udwlr, ehfdxvh wkh qxpehu ri zrunhuv zkr hduq wkh
vdph zdjh lqfuhdvhv1 Zlwk lqfuhdvlqj Mu / wkh frpsrvlwlrq hhfw ehfrphv vwurqjhu dqg dw
vrph srlqw/ lw rxwzhljkv wkh jds hhfw ri wkh lqfuhdvlqj vnloo suhplxp1
Wkh lqwhuhvwlqj txhvwlrq lv qrz/ dw zkdw srlqw wkh Jlql0frhflhqw fhdvhv wr lqfuhdvh
dqg vwduwv idoolqj djdlq1 Lq wkh iroorzlqj vhfwlrq/ L vlpxodwh wkh hyroxwlrq ri wkh Jlql0
frhflhqw zlwk hpslulfdoo| irxqghg ydoxhv iru wkh sdudphwhuv lq htxdwlrq +9,1
 Ai ,L*|L? Lu |i B?ULiUi?|
Wkh prvw reylrxv zd| wr fkrrvh wkh sdudphwhu ydoxhv lv wr hvwlpdwh htxdwlrq +8,1 Xvlqj
|hduo| gdwd iurp wkh XV Fhqvxv/ wklv vlpsoh htxdwlrq |lhogv=.
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Wklv uhvxow fruurerudwhv Dfhprjox*v prgho= Dq lqfuhdvh lq wkh uhodwlyh qxpehu ri vnloohg
zrunhuv lv dvvrfldwhg zlwk dq lqfuhdvh lq wkh uhodwlyh zdjh iru vnloohg oderu1 Wkh lpsolhg
vxevwlwxwlrq hodvwlflw| ehwzhhq xqvnloohg dqg vnloohg oderu lv  @ 3=4897 . 5 @ 5=48971
Lghqwli|lqj > > dqg  vhsdudwho| lv qrw qhfhvvdu|/ ehfdxvh lq wkh htxdwlrq iru wkh Jlql0
frhflhqw/ wkh| dsshdu lq h{dfwo| wkh vdph frpelqdwlrq dv lq htxdwlrq +8,1 Wkh Jlql0







SbHu+Mu ,DSen 1 Ehwzhhq 4<:8 dqg 5334/ wkh uhodwlyh qxpehu ri vnloohg zrunhuv kdv ulvhqiurp 3=84 wr 4=68= Iljxuh 4 looxvwudwhv wkh hyroxwlrq ri wkh Jlql0frhflhqw iru ydoxhv ri
uhodwlyh hpsor|phqw ri vnloohg oderu ehwzhhq 317 dqg 51 Wkh Jlql0frhflhqw ulvhv xs wr
d ydoxh ri 416 ri uhodwlyh vnloohg hpsor|phqw1 Wklv lv urxjko| wrgd|*v ydoxh lq wkh X1V1
Li wkh uhodwlyh qxpehu ri vnloohg zrunhuv ulvhv ixuwkhu +dqg li wkh uhodwlyh zdjh dgmxvwv
dffruglqj wr Dfhprjox*v prgho,/ wkh Jlql0frhflhqw zloo ghfuhdvh/ lh/ lqhtxdolw| zloo qrw
ulvh ixuwkhu exw ghfuhdvh ghvslwh wkh ixuwkhu ulvh lq wkh vnloo0suhplxp1 Wklv lv ehfdxvh hyhu
ihzhu zrunhuv vxhu iurp orz zdjhv iru xqvnloohg oderu dqg lqfuhdvlqjo| pdq| zrunhuv
.5ii @*tL A@M*i c UL*4? Ef
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Wdeoh 4= Uhjuhvvlrq Uhvxowv
Ghshqghqw yduldeoh= orj uhodwlyh zdjh iru vnloohg oderu
lq ohyhov lq uvw glhuhqfhv
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hqmr| wkh kljk zdjhv iru vnloohg oderu1 Vr/ xs wr qrz/ erwk/ wkh vnloo0suhplxp dqg wkh
Jlql0frhflhqw iru oderu lqfrph kdyh ulvhq/ exw/ li Dfhprjox*v prgho lv wdnhq vhulrxvo|/
ixuwkhu vnloo0eldvhg whfkqrorjlfdo fkdqjh wuljjhuhg e| ixuwkhu jurzwk lq wkh uhodwlyh vxsso|
ri vnloohg oderu zloo qrw ohdg wr kljkhu lqhtxdolw| lq oderu lqfrphv1 Rq wkh frqwudu|/
lqhtxdolw| zloo ehjlq wr idoo1
Iljxuh 4= Wkh Hyroxwlrq ri wkh Jlql0frhflhqw
L dovr h{soruhg wkh urexvwqhvv ri wkh deryh uhvxow xvlqj irxu dowhuqdwlyh vshflfdwlrqv=
+l, Dv lw wdnhv wlph iru lqqrydwlrqv wr uhdfw wr fkdqjhv lq wkh uhodwlyh vxsso| ri vnloov/
L xvhg wkh odjjhg lqvwhdg ri wkh frqwhpsrudqhrxv ydoxh ri Mu lq wkh hvwlpdwlrq1H +ll,
Ehfdxvh wkh _vxevwlwxwlrq hhfw% pljkw eh pruh lpphgldwh wkdq wkh _pdunhw vl}h hhfw%/
L lqfoxghg frqwhpsrudqhrxv dv zhoo dv odjjhg ydoxhv ri Mu lq wkh uhjuhvvlrq1 Dv suhglfwhg
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e| Dfhprjox*v prgho/ wkh vxevwlwxwlrq hhfw lv hvwlpdwhg wr eh qhjdwlyh zkloh wkh pdunhw
vl}h hhfw wxuqv rxw srvlwlyh1 +lll, Lq rughu wr dyrlg sureohpv ri vsxulrxv fruuhodwlrq/ L










qrw lghqwlhg ehfdxvh lw fdqfhov rxw zkhq wdnlqj uvw glhuhqfhv1 Vr L xvhg wkh frqvwdqw
iurp wkh vshflfdwlrq lq ohyhov1 +ly, Ilqdoo|/ L dovr xvhg wkh sdudphwhu ydoxhv sursrvhg
e| Dfhprjox +4<<;,/ sdjh 43:6243:71b Wkh uhjuhvvlrq uhvxowv duh lq Wdeoh 4 +froxpqv
+l,/ +ll,/ dqg +lll,,1 Wkh uhvxowlqj hyroxwlrq ri wkh Jlql0frhflhqw wkdw lv lpsolhg e| wkhvh
glhuhqw vshflfdwlrqv lv glvsod|hg lq Iljxuh 4 +yduldqwv +l, wkurxjk +ly,,1 Wkh olqhv duh
qrw wrr glvvlplodu dqg lpso| hyhq hduolhu _wxuqlqj srlqwv%1f Wklv frqupv wkh urexvwqhvv
ri wkh uhvxow zlwk uhvshfw wr glhuhqw sdudphwhu ydoxhv1
e L?U*tL?
Lq wklv sdshu/ L frqwulexwh wr wkh ghedwh rq wkh hhfwv ri vnloov vxsso| rq zdjh lqhtxdolw|1
Zlwk h{rjhqrxv whfkqrorj|/ dq lqfuhdvh lq wkh uhodwlyh vxsso| ri vnloohg zrunhuv/ ohdgv
wr d ghfuhdvh lq wkh vnloo suhplxp dqg idoolqj zdjh lqhtxdolw|1 Exw Dfhprjox +4<<;,
frqylqflqjo| dujxhg wkdw wkh fkrlfh ri whfkqrorj| lv hqgrjhqrxv= D odujhu vxsso| ri vnloohg
zrunhuv hqkdqfhv wkh surwdelolw| ri lqqrydwlrqv wkdw frpsohphqw vnloov dqg wkhuhiruh
wuljjhuv vnloo0eldvhg whfkqrorjlfdo fkdqjh1 Lw kdv ehhq frqfoxghg wkdw wklv dujxphqw lpsolhv
ulvlqj zdjh lqhtxdolw| lq uhdfwlrq wr d ulvh lq wkh uhodwlyh vxsso| ri vnloohg zrunhuv12 Dv
ixuwkhu jurzwk lq wkh vnloohg zrun irufh lv wr eh h{shfwhg/ zdjh lqhtxdolw| zrxog eh
h{shfwhg wr jurz1 L dujxh lq wklv sdshu/ wkdw wklv frqfoxvlrq lv suhpdwxuh1 Hyhq li wkh
uhodwlyh vxsso| ri vnloov dqg wkh vnloo suhplxp frqwlqxh wr jurz/ zdjh lqhtxdolw| +lq whupv
ri vwdqgdug lqhtxdolw| phdvxuhv olnh wkh Jlql0frhflhqw ru wkh yduldwlrq frhflhqw, grhv
qrw1 Wkh uhdvrq lv wkdw hyhq li wkh jds ehwzhhq wkh zdjhv iru vnloohg dqg xqvnloohg zrunhuv
frqwlqxhv wr jurz/ wkh qxpehu ri wkrvh zrunhuv zkr hduq wkh orz zdjh idoov1 Dw vrph srlqw/
vr pdq| zrunhuv hduq wkh vdph +kljk, zdjh wkdw wkh +hyhu lqfuhdvlqj, jds ehwzhhq wkh
kljk dqg wkh orz zdjh ehfrphv plqru1 Orrnlqj dw zdjh dqg hpsor|phqw gdwd iru wkh
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